[1] Log and core data document gas saturations as high as 90% in a coarse-grained turbidite sequence beneath the gas hydrate stability zone (GHSZ) at south Hydrate Ridge, in the Cascadia accretionary complex. The geometry of this gassaturated bed is defined by a strong, negative-polarity reflection in 3D seismic data. Because of the gas buoyancy, gas pressure equals or exceeds the overburden stress immediately beneath the GHSZ at the summit. We conclude that gas is focused into the coarse-grained sequence from a large volume of the accretionary complex and is trapped until high gas pressure forces the gas to migrate through the GHSZ to seafloor vents. This focused flow provides methane to the GHSZ in excess of its proportion in gas hydrate, thus providing a mechanism to explain the observed coexistence of massive gas hydrate, saline pore water and free gas near the summit.
Introduction
[2] Gas bubbles rise from gas hydrate mounds on the seafloor at Hydrate Ridge [Heeschen et al., 2003 ], a peanutshaped bathymetric high in the accretionary complex of the Cascadia subduction zone located 80 km west of Newport, Oregon (Figure 1a) , and on other active and passive continental margins around the world [see Judd, 2003 ]. Free gas venting within the gas hydrate stability zone (GHSZ) is enigmatic because seafloor sediments are generally very porous and contain abundant water. Free gas should therefore be trapped within hydrate before reaching the seafloor. Several mechanisms have been proposed to explain this enigma, including formation of hydrate or oil coatings around bubbles that form a barrier isolating the gas from the water [Suess et al., 2001; Leifer and MacDonald, 2003] , high pore water salinity that locally changes gas hydrate stability conditions, local dehydration of sediments, and inhibition of hydrate formation because of capillary forces [Ginsburg and Soloviev, 1997; Clennell et al., 1999; Milkov et al., 2004] . Modeling indicates that an abundant supply of gas is required to form massive gas hydrates and generate brines, which are formed when salts are excluded as hydrate forms . We show that gas saturations are high enough beneath the southern summit of Hydrate Ridge to form a critically pressured gas column beneath the GHSZ [Flemings et al., 2003; Hornbach et al., 2004] and drive gas migration through the GHSZ to the seafloor. Similar gas-rich conduits are probably present beneath other seafloor vents, but southern Hydrate Ridge is the only continental margin vent at which the data exist to resolve both conduit geometry and gas saturation.
Gas Saturation and Gas Pressure in Horizon A
[3] The key to understanding how gas hydrate and free gas can coexist in this system is to understand the plumbing beneath the GHSZ. One of the most striking features of a three-dimensional seismic survey of the region around southern Hydrate Ridge is an anomalously-bright, negative-polarity seismic reflection that we call Horizon A. Horizon A dips to the northeast from the summit and can be mapped over $3 km 2 (Figures 1b-1d ). Its western boundary is marked by a sharp decrease in amplitude where it enters the GHSZ. Along its eastern boundary, it terminates at an underlying unconformity. This unconformity separates older (>1.6 Ma), highly deformed accreted sediments from uplifted and folded slope-basin turbidites and hemipelagic sediments . The reflection amplitude is greatest beneath the summit and decreases sharply where it is deeper than $1060 mbsl (meters below sea level) (Figure 1b) . The strong amplitude, negative polarity, and down-dip decrease in amplitude that parallels structural contours suggest that free gas is present in the pore space above $1060 mbsl.
[4] Data from ODP Leg 204 ( Figure 1a) indicate that the Horizon A reflection originates at a 2 -4 m thick zone that contains multiple coarse-grained, ash-rich turbidite beds (Figure 2a ) . The in situ bulk density, as measured by logging while drilling (LWD), of this zone is low (1.25 -1.46 g/cm 3 ) compared to the bulk density of core samples (1.75-1.85 g/cm 3 ) (Figures 2a and 2c) . We interpret that free gas was present in the pores and that by the time the core was retrieved, the gas had escaped. Horizon A in situ gas saturations (S g ) (the volume fraction of pore space filled with gas) were estimated from measured densities assuming that the rock is a mixture of sediment grains, gas and water:
The gas density (r g ) and the water density (r w ) were assumed to be 0.0628 g/cm 3 and 1.024 g/cm 3 , respectively. The bulk density (r b ) was derived from the LWD density measurements. The porosity (f) and the grain density (r s ) were derived from shipboard moisture and density (MAD) core measurements. S g in Horizon A is greater than 50% at all sites ( Figure 3 and Table 1 ).
[5] When S g exceeds a critical value, the gas forms an interconnected thread though the porous medium and flows as a separate phase. Experimental measurements suggest this critical value lies between 10 and 50% [Schowalter, 1979; England et al., 1987] . Once free gas exists as an interconnected phase, it will flow under even small pressure gradients, and the gas pressure (P g ) will follow the gas density gradient as a function of depth. We estimate P g in Horizon A by assuming that the decrease in amplitude beneath $1060 mbsl marks the base of the connected gas column (the gas-water contact), where P g equals the water pressure (P w ). We also assume that water pressure (P w ) equals the hydrostatic pressure and that the capillary entry pressure is negligible. Extrapolation of the gas pressure . The yellow dashed line shows the intersection of Horizon A with the bottom-simulating reflector (BSR), a reflection that indicates the base of the GHSZ and is caused by the impedance contrast between hydratebearing sediments and sediments containing free gas. The green dashed line shows the interpreted gas-water contact within Horizon A. To the west of the yellow dashed line, Horizon A amplitudes have limited extent and variable polarity, presumably as a result of hydrate, as opposed to gas, in the pores. Two dots for Site 1247 show Hole 1247A (solid circle), where LWD measurements were made, and Hole 1247B (open circle), where core samples were taken (Table 1) . At other sites, cored holes were closer to the LWD hole. (c) EW seismic cross-section of the northern flank of south Hydrate Ridge. (d) EW cross-section through the summit. Dotted line shows the base of the shallow, massive gas hydrate deposit [Tréhu et al., 2004] . Shaded area above the seafloor shows where bubbles have been observed in the ocean [Heeschen et al., 2003] . No bubbles have been observed above the pinnacle. (e) Hydrostatic pressure (P w ), lithostatic stress (s L ) and gas pressure (P g ) beneath the summit. P w was calculated assuming a constant water density of 1.024 g/cm 3 ; P g was calculated as discussed in the text; s L was calculated by integrating measured bulk densities downwards from the seafloor at each site and adding the load of the overlying water column. P g and P w do not vary laterally whereas s L varies as water depth and sediment density change. s L is shown for Sites 1245 and 1250. Above Horizon A at Site 1250, P g is assumed to be parallel to s L (dashed red line), following Flemings et al. upward leads to the conclusion that P g in Horizon A is approximately equal to the lithostatic stress (s L ) at Site 1250, near the southern summit of Hydrate Ridge (Figure 1f) . If the base of the connected gas column is deeper, or if pore waters are overpressured, the gas pressure will be even greater.
Discussion and Conclusions
[6] The vertical gas effective stress (s 0 g = s L À P g ) is low throughout the summit region (Figures 1e and 1g) . When the effective stress is zero and the rock is weak, mechanical failure of the overlying rock should occur by hydraulic fracturing along planes perpendicular to the least principal stress; at somewhat lower pressures, slip on appropriately oriented pre-existing faults should occur [Finkbeiner et al., 2001 ]. Minima in s 0 g indicate where free gas is most likely to escape from Horizon A by opening fractures. These minima occur where Horizon A enters the GHSZ beneath the pinnacle and where it onlaps the accretionary complex southwest of the summit (Figures 1d and 1g) . We infer that free gas leaves Horizon A in this region and migrates towards the summit by opening vertical cracks and migrating laterally along relatively permeable strata. In convergent margins, the horizontal stress is generally thought to be greater than the vertical stress and horizontal hydraulic fractures might be expected. However, the presence of normal faults along the crest of Hydrate Ridge (for example, near Site 1246, Figure 1c ) suggests an isotropic, or even tensional, stress state at the southern summit, which would lead to vertical hydraulic fractures. Two possible migration paths are shown schematically as fine black lines in Figure 1e . Actual migration paths probably vary temporally as well as spatially.
[7] Fluid mobility is proportional to relative permeability and inversely proportional to viscosity. The gas viscosity is much lower than the water viscosity, and the gas relative permeability is much higher than the water relative permeability because of the very high gas saturation. The flux of gas out of Horizon A will therefore greatly exceed the flux of water. Moreover, there is no driving force for water flow if pore pressures are hydrostatic, whereas the driving force for buoyant gas, which is approximately the difference between the gas pressure in Horizon A and the hydrostatic pressure at the sea floor, is large.
[8] 5.75 moles of water are required for each mole of methane when hydrate is formed. At the pressure and temperature conditions at Hydrate Ridge, all pore water will be consumed by gas hydrate if gas fills more than 68% of the original fluid volume. Because the volume fraction of gas supplied is greater 68%, gas is being supplied in excess of the proportion of methane in hydrate. To convert all the gas to hydrate under these conditions, water must be drawn from the surrounding low permeability sediments [Ginsburg and Soloviev, 1997] . In very low permeability sediments, water supply will be limited and pore water salinity will rise as salt is excluded during hydrate formation. Moreover, if the salinity rises sufficiently, free gas will locally be thermodynamically stable within the hydrate stability zone [Milkov et al., 2004] . Evidence for both sediment dehydration and high pore water salinity is found at Sites 1249 and 1250 Torres et al., 2004] .
[9] We conclude that venting at southern Hydrate Ridge is fed by the permeable and tabular Horizon A. This layer taps a large reservoir of hydrocarbon-rich fluids derived from older accreted and underplated sediments and also draws gas from the surrounding material because of its coarse grain size and resultant low capillary entry pressure [Schowalter, 1979] . We infer that formation of gas hydrate within the GHSZ sealed the conduit along its western edge, creating a trap. Free gas accumulated beneath this seal until it reached a critical thickness, which resulted in gas pressure high enough to dilate fractures and allow gas migration. Today, gas migrates through the GHSZ via a complex (and probably temporally variable) fracture network, driven by the high gas pressure gradient between Horizon A and the sea floor. One possible mechanism is suggested by the invasion/percolation model of Impey et al. [1997] , which predicts that if the gas flow rate and the pressure difference (Table 1) . Negative S g outside Horizon A is an artifact of the anomalously low grain density of ash-rich layers in Horizon A. The dashed line for Site 1245 shows the effect of using r s = 2.65 g/cm 3 , which excludes these low values. This higher value for r s results in estimates for S g that are close to 0 away from Horizon A but >1 in Horizon A. between the gas source and outlet are high, steady gas flow will result; if they are low, gas flow will be intermittent. We speculate that this may be why gas expulsion is steady and less affected by changes in tidal pressure at southern Hydrate Ridge [Heeschen et al., 2003] , in contrast to north Hydrate Ridge, where venting waxes and wanes with tidal and other periods [Torres et al., 2002] .
[10] The plumbing system we describe provides a conceptual framework for understanding how gas passes from the free gas zone, through the hydrate stability zone, to be ultimately vented at the sea floor. A permeable conduit beneath the hydrate stability zone is needed to capture a significant amount of methane from a large volume in the subsurface. The conduit can result from lithologic variation, as at south Hydrate Ridge, or from creation of permeable fault gouge along a persistent fault. Formation of gas hydrate where the conduit enters the GHSZ should decrease the permeability, helping to trap gas within the conduit even if a conventional structural trap is absent. As gas saturation in the conduit increases, the gas forms a connected network. Eventually, gas pressure will increase enough to drive gas into the overlying low permeability sediments in the GHSZ. Given a sufficiently high gas flux and low sediment permeability, the gas will form hydrate, dehydrate the sediments, and elevate the salinity within the GHZ, ultimately creating local pathways in which free gas is stable. Whether gas flux is continuous or intermittent likely depends on gas flux beneath the GHSZ, the buoyant driving force, the strength of preexisting fractures, and the dynamics of stress-dependent permeability. No ash-rich horizon was observed in Hole 1247B. This hole was drilled 100 m west of 1247A, where the seismic character of Horizon A is distinctly different, suggesting that this local change in the seismic character of Horizon may result from a local change in lithology.
d Few measurements are available from Horizon A at Site 1250 because of poor core recovery, probably because of high gas saturation.
